JVI

Journals.ASM.org

Middle East Respiratory Syndrome Coronavirus nspl Inhibits Host
Gene Expression by Selectively Targeting mRNAs Transcribed in the
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ABSTRACT

The newly emerged Middle East respiratory syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome CoV
(SARS-CoV) represent highly pathogenic human CoVs that share a property to inhibit host gene expression at the posttranscrip-
tional level. Similar to the nonstructural protein 1 (nsp1) of SARS-CoV that inhibits host gene expression at the translational
level, we report that MERS-CoV nsp1 also exhibits a conserved function to negatively regulate host gene expression by inhibiting
host mRNA translation and inducing the degradation of host mRNAs. Furthermore, like SARS-CoV nsp1, the mRNA degrada-
tion activity of MERS-CoV nspl, most probably triggered by its ability to induce an endonucleolytic RNA cleavage, was separable
from its translation inhibitory function. Despite these functional similarities, MERS-CoV nsp1 used a strikingly different strat-
egy that selectively targeted translationally competent host mRNAs for inhibition. While SARS-CoV nsp1 is localized exclusively
in the cytoplasm and binds to the 40S ribosomal subunit to gain access to translating mRNAs, MERS-CoV nsp1 was distributed
in both the nucleus and the cytoplasm and did not bind stably to the 40S subunit, suggesting a distinctly different mode of tar-
geting translating mRNAs. Interestingly, consistent with this notion, MERS-CoV nsp1 selectively targeted mRNAs, which are
transcribed in the nucleus and transported to the cytoplasm, for translation inhibition and mRNA degradation but spared exog-
enous mRNAs introduced directly into the cytoplasm or virus-like mRNAs that originate in the cytoplasm. Collectively, these
data point toward a novel viral strategy wherein the cytoplasmic origin of MERS-CoV mRNA s facilitates their escape from the
inhibitory effects of MERS-CoV nsp1.

IMPORTANCE

Middle East respiratory syndrome coronavirus (MERS-CoV) is a highly pathogenic human CoV that emerged in Saudi Arabia in
2012. MERS-CoV has a zoonotic origin and poses a major threat to public health. However, little is known about the viral factors
contributing to the high virulence of MERS-CoV. Many animal viruses, including CoVs, encode proteins that interfere with host
gene expression, including those involved in antiviral immune responses, and these viral proteins are often major virulence fac-
tors. The nonstructural protein 1 (nsp1) of CoVs is one such protein that inhibits host gene expression and is a major virulence
factor. This study presents evidence for a strategy used by MERS-CoV nspl1 to inhibit host gene expression that has not been de-
scribed previously for any viral protein. The present study represents a meaningful step toward a better understanding of the
factors and molecular mechanisms governing the virulence and pathogenesis of MERS-CoV.

Coronaviruses (CoVs) carry a single-stranded, positive-sense
RNA genome of ~30 kb and are classified into four genera:
alpha, beta, gamma, and delta. The Middle East respiratory syn-
drome (MERS) CoV (MERS-CoV), a beta CoV, emerged in Saudi
Arabia in 2012 (1) and has spread to several other countries in the
Middle East, North Africa, Europe, and Asia. MERS-CoV appears
to have originated in bats (2), while accumulating evidence has
also pointed to the dromedary camels as the potential animal res-
ervoir (3, 4). MERS-CoV infection generally causes fever, cough,
and pneumonia, leading to respiratory failure, and the reported
case fatality rate is ~40%. Some MERS patients develop acute
renal failure. MERS-CoV can be transmitted from person to per-
son (5-7), and many cases have occurred in persons with chronic
underlying medical conditions or immunosuppression (8). The
mechanisms governing the virulence and pathogenesis of MERS-
CoV are largely unknown (9).

Upon entry into host cells, CoV genome expression is initiated
by the translation of two large precursor polyproteins, ppla and
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pplab, which are processed by viral proteinases into 15 to 16 ma-
ture proteins; the alpha and beta CoVs encodes 16 mature non-
structural proteins (nspl to nsp16), while the gamma and delta
CoVs lack nspl, the most N-terminal cleavage product, and en-
code only 15 nsp’s (10-12). While many of these proteins play an
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essential role in viral RNA replication and transcription, some
have other biological functions as well (12). The nsp1 proteins of
alpha and beta CoVs share a biological function to inhibit host
gene expression but use different strategies to exert this function
(13-18). For example, nspl of severe acute respiratory syndrome
CoV (SARS-CoV), a beta CoV, uses a two-pronged strategy to
inhibit host gene expression (14); through its stable association
with the 40S ribosomal subunit, it inhibits protein synthesis by
inactivating the translational function of the 40S subunit (19) and
also induces host mRNA degradation by triggering an endonu-
cleolytic RNA cleavage through the possible recruitment of a host
endonuclease (15, 20) that results in the subsequent digestion of
the cleavage mRNAs by the host exonuclease, Xrnl (21). In con-
trast to SARS-CoV nspl, nspl of transmissible gastroenteritis vi-
rus (TGEV), an alpha CoV, inhibits host protein synthesis without
binding to the 40S subunit or inducing host mRNA degradation
(16). Since past studies have shown that viral proteins that inhibit
host gene expression are major virulence factors (22, 23), the nsp1
proteins of different CoVs, with their conserved function to in-
hibit host gene expression, most probably play a critical role in the
pathogenesis of CoV infections; consistent with this notion,
mouse hepatitis virus nsp1 is indeed a major virulence factor (17,
24). Hence, clarifying the molecular mechanisms by which the
nspl of different CoVs inhibit host gene expression would con-
tribute toward a better understanding of CoV virulence and
pathogenesis.

In this study, we report that, like other CoV nsp1, MERS-CoV
nspl also exhibits a conserved function to inhibit host gene ex-
pression. A comparative analysis of SARS-CoV nspl and MERS-
CoV nspl revealed functional similarities but mechanistic diver-
gence among the nspl of these two highly pathogenic human
CoVs. Our data imply that MERS-CoV nspl inhibits host gene
expression by using a distinctly different strategy that has not been
described previously for any viral protein. We present evidence
which suggests that MERS-CoV nsp1 selectively targets the nucle-
ar-transcribed endogenous host mRNAs for inhibition, whereas
mRNAs that are cytoplasmic in origin, including MERS-CoV
mRNAs, escape the inhibitory effects of MERS-CoV nspl. We
propose this property of MERS-CoV nspl1 to distinguish between
cellular and viral mRNAs as a novel viral escape strategy that
downregulates the expression of host antiviral proteins while fa-
cilitating the expression of viral proteins in MERS-CoV-infected
cells.

MATERIALS AND METHODS

Cells and virus. Vero E6 cells and BSR-T7/5 cells were grown in minimum
essential medium supplemented with 10% fetal bovine serum, and 293
cells were maintained in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum. The EMC/2012 strain of MERS-CoV (25)
was grown and titrated on Vero E6 cells.

Plasmid construction. Human-codon optimized synthetic DNA en-
coding MERS-CoV nspl1 carrying a C-terminal myc tag was cloned into
pCAGGS-MCS, resulting in pPCAGGS-MERS-CoV-nspl. Insertion of the
DNA fragment encoding the codon-optimized MERS-CoV nspl into
pcDNA-MCS yielded pcDNA-MERS-nspl. The constructs, pCAGGS-
MERS-CoV-nsp1-CD and pcDNA-MERS-CoV nsp1-CD, expressing a C-
terminal myc-tagged MERS-CoV nsp1 carrying the mutations R146A and
K147A, were generated from pCAGGS-MERS-CoV-nspl and pcDNA-
MERS-nspl, respectively, by using a recombinant PCR-based method.
Sequence analyses of the plasmids confirmed the expected nspl se-
quences.
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Generation of 293/DPP4 cells. A plasmid, pPCAGGS-CD26-BlasticidinR,
expressing the blasticidin resistance gene and the MERS-CoV receptor,
human dipeptidyl peptidase-4 (DPP4; also known as CD26) was gener-
ated by replacing the coding region of Rift Valley fever virus (RVFV)
Gn/Gce gene in pCAGGS-bla-G (26) with the human DPP4 gene from
pcDL-SRa296 (27). 293 cells were transfected with pCAGGS-CD26-
BlasticidinR and grown in selection medium containing blasticidin (12
pg/ml) for 3 weeks. 293/DPP4 cells, stably expressing human DPP4, were
selected based on the resistance to blasticidin. The expression of human
DPP4 in 293/DPP4 cells was confirmed by Western blotting with anti-
human DPP4 antibody (R&D Systems).

Plasmid transfection, reporter assays, and Northern blot analysis.
293 cells, grown in 24-well plates, were cotransfected in triplicate with
various combinations of plasmids (1 pg total) using the TransIT-293
reagent (Mirus). At 24 h posttransfection, cell lysates were prepared and
subjected to Renilla luciferase (rLuc) reporter activity assays (Promega).
For protein expression analysis by Western blotting, cell extracts were
prepared in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer. For RNA analysis, total RNAs were extracted,
treated with DNase I, and subjected to Northern blot analysis with digoxi-
genin-labeled antisense rLuc RNA probe.

In vitro RNA transcription, RNA transfection, and RNA electropo-
ration. Capped and polyadenylated RNA transcripts, encoding chloram-
phenicol acetyltransferase (CAT), SARS-CoV nspl, MERS-CoV nspl, or
MERS-CoV nspl-CD proteins, were synthesized from linearized plas-
mids or PCR products, encoding the respective genes, by using the
mMESSAGE mMACHINE T7 Ultra kit (Ambion). The GLA and ALA
reporter mRNAs were synthesized as described previously (20). To gen-
erate the MERS-CoV subgenomic mRNA 8-like RNA transcript, a PCR
product carrying a T7 promoter upstream of a MERS-CoV mRNA 8-like
sequence, encoding the viral nucleocapsid (N) gene with a C-terminal V5
epitope tag flanked by the 5" and 3’ untranslated regions (UTR) of MERS-
CoV mRNA 8 and a poly(A) tail, was used as the template. The PCR
product was generated from cDNAs that were obtained from intracellular
RNAs extracted from MERS-CoV-infected cells. The MERS-CoV sub-
genomic mRNA 8-like RNA transcript was synthesized from the PCR
product by using the mMESSAGE mMACHINE T7 in vitro transcription
kit. Subconfluent 293 cells, grown in 24-well plates, were transfected with
in vitro-synthesized RNA transcripts using the TransIT mRNA reagent
(Mirus, Madison, WI). 293 cells were electroporated with the RNA tran-
scripts using the Bio-Rad GenePulser Xcell electroporation system, ac-
cording to the manufacturer’s instructions.

Metabolic radiolabeling of intracellular proteins. Subconfluent 293
cells were transfected with in vitro-synthesized RNA transcripts and incu-
bated either in a culture medium lacking actinomycin D (ActD) or con-
taining 4 pg of ActD/ml from 1 h to 8 h posttransfection. Subsequently,
the cells were starved for 30 min in methionine-deficient medium and
metabolically labeled with 20 wCi of Tran’°S-label (1,000 Ci/mmol; MP
Biomedicals)/ml for 1 h. The cell extracts were prepared by lysing the cells
in SDS-PAGE sample buffer, and equivalent amounts of the extracts were
analyzed by SDS-PAGE. The radiolabeling of electroporated cells was per-
formed at 24 h postelectroporation with 50 p.Ci of Tran®>S-label/ml for 1
h. MERS-CoV-infected 293/DPP4 cells were radiolabeled with 75 wCi of
Tran®>S-label/ml for 1 h at 18, 24, or 30 h postinfection (p.i.). The gels
were visualized by autoradiography, and the band intensities in the se-
lected regions of the gel were determined by densitometric scanning of the
autoradiographs.

Western blot analysis. Western blot analysis was performed as de-
scribed previously (14). Anti-MERS-CoV-nsp1 peptide antibody, gener-
ated by immunizing rabbits with the synthetic peptide (RKYGRGGYHY
TPFHYERD), anti-myc mouse monoclonal antibody (MAb; Millipore)
and anti-V5 rabbit MAb (Abcam) were used as primary antibodies. Goat
anti-mouse IgG-horseradish peroxidase (HRP) and goat anti-rabbit IgG-
HRP (Santa Cruz Biotech) were used as secondary antibodies.
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Cosedimentation analysis. Cell lysates were prepared in a lysis buffer
containing 50 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 100 mM KCl, 1%
(vol/vol) Triton X-100, 2 mM dithiothreitol (DTT), 100 ug of cyclohex-
imide/pl, and 0.5 mg of heparin/pl. The lysates were applied onto a 10 to
40% continuous sucrose gradient prepared in the same buffer and centri-
fuged at 38,000 rpm in a Beckman SW41 rotor at 4°C for 3 h. After frac-
tionation, the proteins in each fraction were precipitated with trichloro-
acetic acid-acetone and detected by Western blotting. Total RNAs were
also extracted from the fractions, and the rRNAs were visualized by stain-
ing with ethidium bromide.

Confocal microscopy analysis. Cells, grown on chamber slides, were
transfected with in vitro-transcribed RNA transcripts using the TransIT-
mRNA reagent. At 16 h after transfection, the cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 20 min, perme-
abilized in PBS containing 0.5% Triton X-100 for 15 min, blocked with
PBS containing 3% bovine serum albumin for 30 min, and immuno-
stained with anti-V5 antibody (Abcam). The cells were examined under a
Zeiss LSM 510 UV META laser scanning confocal microscope.

Preparation of cytoplasmic and nuclear extracts. 293/DPP4 cells
were infected with MERS-CoV at a multiplicity of infection (MOI) of 3. At
18 h p.i., the cell suspension was prepared and frozen at —80°C in the
presence of dimethyl sulfoxide to preserve the integrity of the cell mem-
brane. The frozen cells were irradiated with 2 X 10° rads from a Gamma-
cell ®°Co source (model 1094; J. L. Shepherd and Associates, San Fer-
nando, CA) to completely inactivate MERS-CoV infectivity. After quickly
thawing the frozen cells, cell lysates were prepared by incubating the cells
in buffer 1 (25 mM HEPES [pH 7.9], 5 mM KCI, 0.5 mM MgCl,, I mM
DTT, and 0.5% NP-40 supplemented with a protease inhibitor cocktail)
for 15 min at 4°C. After centrifugation at 5,000 rpm for 5 min, the super-
natants were collected and designated the cytoplasmic fractions. The pel-
lets were incubated in buffer 2 (25 mM HEPES [pH 7.9], 5 mM KCl, 0.5
mM MgCl,, 1 mM DTT, and 0.25% NP-40 supplemented with a protease
inhibitor cocktail) for 10 min at 4°C. After centrifugation, the pellets were
collected and designated the nuclear fractions (28). Essentially, the same
method was used to prepare the cytoplasmic and nuclear fractions from
cells expressing MERS-CoV nspl, except that the °°Co irradiation step
was omitted.

Generation of RVFV-like particles. RVFV virus-like particles (VLPs),
carrying an RNA encoding the rLuc gene (LNCR-rLuc RNA) flanked by
the 3" and 5" noncoding regions of RVFV L RNA, were prepared as de-
scribed previously (29). Briefly, BSR-T7/5 cells (30), stably expressing T7
RNA polymerase, were cotransfected with a plasmid expressing T7 poly-
merase-driven RVFV antisense LNCR-rLuc RNA, along with the plasmids
expressing L protein, Gn/Gc envelope proteins, and N protein. VLPs car-
rying LNCR-rLuc RNA, released into the supernatant, were collected at 3
days posttransfection. 293 cells were electroporated with RNA transcripts
encoding CAT, SARS-CoV nspl, MERS-CoV nspl, or MERS-CoV
nsp1-CD proteins, and at 18 h postelectroporation, the cells were inocu-
lated with RVFV VLPs. As a negative control, the cells were inoculated
with UV-irradiated VLP. Cell extracts, prepared at 6 h post-VLP inocula-
tion, were used for reporter assay and mRNA analysis.

Quantitative RT-PCR. Total cellular RNAs were extracted from VLP-
infected cells by using TRIzol LS reagent (Invitrogen) and treated with
RNase-free DNase I (Promega). cDNAs were synthesized using Super-
Script III reverse transcriptase (Invitrogen) and an rLuc gene-specific
primer, 5'-TTATTGTTCATTTTTGAGAACTCGC-3', for the quantifi-
cation of rLuc mRNA and random primers for human 18S rRNA. Reverse
transcription-PCR (RT-PCR) was performed using a Bio-Rad CFX96
real-time PCR apparatus and SYBR green Master mix (Bio-Rad). PCR
conditions were as follows: preincubation at 95°C for 30 s and amplifica-
tion with 40 cycles of 95°C for 15 s and 60°C for 20 s. The purity of the
amplified PCR products was confirmed by the dissociation melting curves
obtained after each reaction. The primers used for rLuc mRNA were
5'-GCTTATCTACGTGCAAGTGATGATT-3' (forward) and 5'-TAGGA
AACTTCTTGGCACCTTCAAC-3’ (reverse); the primers for 18S rRNA
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were 5'-CCGGTACAGTGAAACTGCGAATG-3’ (forward) and 5'-GTT
ATCCAAGTAGGAGAGGAGCGAG-3' (reverse). The relative levels of
rLuc mRNA normalized to 18S rRNA levels are presented in the data. All
of the assays were performed in triplicate, and the results are expressed as
means * the standard deviations.

RESULTS

MERS-CoV replication inhibits host protein synthesis and pro-
motes host mRNA decay. As a first step toward exploring the role
of MERS-CoV nspl in the regulation of host gene expression, we
examined the effect of MERS-CoV replication on host protein
synthesis and host mRNA stability in virus-infected cells. Meta-
bolic radiolabeling experiments showed that MERS-CoV replica-
tion in 293/DPP4 cells, stably expressing the MERS-CoV receptor,
human DPP4 (31), induced a strong inhibition of host protein
synthesis, concomitant with an efficient production of virus-spe-
cific proteins, including nspl (Fig. 1A). MERS-CoV replication
also caused a substantial reduction in the levels of endogenous
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and B-ac-
tin mRNAs, and this effect was observed both in the absence and
in the presence of actinomycin D (ActD), an inhibitor of host
RNA transcription (Fig. 1B). Because ActD treatment prevents the
synthesis of new RNAs, these data demonstrated that MERS-CoV
replication induced the decay of preexisting host mRNAs in in-
fected cells. Based on our previous studies with SARS-CoV nspl
(32), these data strongly alluded to the possibility that nspl of
MERS-CoV exerted these inhibitory effects on host gene expres-
sion in virus-infected cells.

MERS-CoV nspl inhibits host protein synthesis and induces
endonucleolytic cleavage and degradation of mRNAs. To test
the possibility that MERS-CoV nsp1 shares a common biological
function with SARS-CoV nsp1 to inhibit host gene expression, we
transfected 293 cells with RNA transcripts encoding CAT, MERS-
CoV nspl or SARS-CoV nsp1 proteins. The transfected cells were
incubated either in the presence or absence of ActD from 1 h
posttransfection and metabolically radiolabeled with Tran?S-la-
bel from 8.5 to 9.5 h. Cell extracts were prepared and subjected to
SDS-PAGE, followed by Western blotting. The cells expressing
CAT and SARS-CoV nspl served as negative and positive con-
trols, respectively. Like SARS-CoV nspl, MERS-CoV nspl also
inhibited host protein synthesis both in the presence or absence of
ActD (Fig. 2A). Densitometric analysis of the marked areas of the
gels clearly showed that the band intensities of the radiolabeled
host proteins in cells expressing SARS-CoV nspl and MERS-CoV
nspl were lower than those in cells expressing CAT (Fig. 2A).
However, the extent of inhibition induced by SARS-CoV nsp1 was
stronger than that induced by MERS-CoV nspl.

To determine whether MERS-CoV nspl induces the degrada-
tion of endogenous host mRNAs, cells were transfected with RNA
transcripts encoding CAT, MERS-CoV nspl, or SARS-CoV nspl
proteins and incubated in the presence of ActD from 1 h post-
transfection. Intracellular RNAs were extracted at 1 and 9 h post-
transfection and subjected to Northern blot analysis. Both MERS-
CoV nspl and SARS-CoV nspl expression caused a reduction in
the levels of GAPDH and -actin mRNAs (Fig. 2B). Like SARS-
CoV nspl, MERS-CoV nspl1 also had no effect on the rRNA levels.
Because ActD treatment prevents host RNA transcription, these
data demonstrated that MERS-CoV nsp1 induced the degradation
of preexisting host mRNAs.

SARS-CoV nspl induces an endonucleolytic RNA cleavage at
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FIG 1 MERS-CoV replication inhibits host protein synthesis and induces host mRNA degradation. 293/DPP4 cells were mock infected or infected with
MERS-CoV at an MOI of 3. (A) Cells were radiolabeled with Tran?>S-label for 1 h, and extracts were prepared at the indicated times postinfection (p.i.). Cell
lysates were subjected to SDS-PAGE analysis, followed by autoradiography (top left panel), Western blot analysis with an anti-MERS-CoV-nsp1 peptide antibody
(bottom left panel) and colloidal Coomassie blue staining (right panel). Arrowheads, MERS-CoV-specific proteins. (B) Cells were incubated in the absence or
presence of ActD from 1 h p.i. Intracellular RNAs were extracted at 1, 18, 24, or 30 h p.i., and subjected to Northern blot analysis usinga GAPDH mRNA-specific
probe (top panel) and B-actin mRNA-specific probe (middle panel). The amounts of 28S and 18S rRNAs in each sample were detected by ethidium bromide

staining (bottom panel).

the 5" region of capped host mRNAs, as well as within the type I
and II picornavirus internal ribosome entry sites (IRES), includ-
ing those derived from encephalomyocarditis virus (EMCV) (14,
20). Subsequently, the endonucleolytically cleaved RNAs are rap-
idly degraded by the cellular exonuclease, Xrnl (21). To deter-
mine whether MERS-CoV nspl exhibited a similar property to
induce an endonucleolytic RNA cleavage in template mRNAs,
cells were transfected with a plasmid encoding MERS-CoV nspl,
together with a plasmid encoding a bicistronic reporter mRNA
carrying the EMCV IRES between the upstream Renilla luciferase
(rLuc) gene and the downstream firefly luciferase (fLuc) gene (Fig.
2C). As controls, expression plasmids encoding CAT or SARS-
CoV nspl were used in place of MERS-CoV nspl. Intracellular
RNAs were extracted at 24 h posttransfection and subjected to
Northern blot analysis. Cell extracts were also prepared at 24 h
posttransfection and subjected to rLuc reporter assay. MERS-CoV
nspl expression resulted in a marked reduction in the amount of
the full-length Ren-EMCV-FF RNA, and the extent of reduction
was similar to that induced by SARS-CoV nspl (Fig. 2C). Like
SARS-CoV nspl, MERS-CoV nspl expression also resulted in the
generation of a cleaved RNA fragment derived from Ren-
EMCV-FF with the same electrophoretic mobility as that observed
with SARS-CoV nspl (Fig. 2C). As expected, this cleaved RNA
fragment was not detected in cells expressing CAT. The amount of
the cleaved RNA fragment was lower in MERS-CoV nsp1-express-
ing cells than in SARS-CoV nspl-expressing cells. Based on our
previous studies that have demonstrated that the cleaved RNA
fragment detected in SARS-CoV nspl-expressing cells is due to an
endonucleolytic RNA cleavage at the ribosome loading site of
EMCV IRES (20), our data strongly implied that MERS-CoV nsp1
also induced an endonucleolytic RNA cleavage at the ribosome
loading site of EMCV IRES.

A SARS-CoV nspl mutant carrying alanine substitutions of
two charged amino acid residues, R125 and K126, exposed on the
surface of nsp1 (33), retained its ability to inhibit translation but
lacked the endonucleolytic RNA cleavage function (19). Since the
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amino acid sequence alignment of MERS-CoV nsp1 with SARS-
CoV nspl revealed two identical contiguous charged amino acids,
R146 and K147, in MERS-CoV nspl, we speculated that alanine
substitutions of these two charged amino acids would similarly
abolish the ability of MERS-CoV nsp1 to induce endonucleolytic
RNA cleavage. Indeed, the expression of a mutated MERS-CoV
nspl, carrying R146A and K147A mutations (MERS-CoV nspl-
CD; the acronym CD stands for cleavage defective) neither in-
duced the endonucleolytic RNA cleavage in Ren-EMCV-FF RNA
nor caused a reduction in the abundance of the full-length Ren-
EMCV-FF (Fig. 2C), demonstrating the lack of RNA cleavage ac-
tivity in MERS-CoV nsp1-CD and the importance of these amino
acid residues for the RNA cleavage function of MERS-CoV nspl.
Northern blot analysis of MERS-CoV nspl mRNA showed that
the amount of expressed RNA encoding MERS-CoV nspl was
lower than that encoding MERS-CoV nsp1-CD (Fig. 2C, second
panel), suggesting that MERS-CoV nsp1 targeted its own template
mRNA for degradation and that MERS-CoV nsp1-CD lacked the
ability to degrade mRNAs. Furthermore, MERS-CoV nsp1-CD
expression did not cause a reduction in the amounts of GAPDH
and B-actin mRNAs in the presence of ActD, suggesting that
MERS-CoV nsp1-CD lacked the ability to induce the degradation
of preexisting host mRNAs (Fig. 2B). These data point toward
MERS-CoV nspl-induced mRNA cleavage as the trigger that re-
sults in mRNA degradation.

Like SARS-CoV nspl, MERS-CoV nsp1 also strongly inhibited
the rLuc reporter activity (Fig. 2C, fourth panel). It is important to
note that MERS-CoV nsp1-CD also inhibited the rLuc reporter
activity, albeit to a lesser extent than MERS-CoV nspl (Fig. 2C,
fourth panel). Furthermore, metabolic radiolabeling experiments
showed that MERS-CoV nsp1-CD expression inhibited host pro-
tein synthesis, but the extent of inhibition was lower than that
induced by MERS-CoV nsp1 (Fig. 2A). These data clearly demon-
strated that the RNA cleavage function of MERS-CoV nspl con-
tributed to, but was not required for, the ability of MERS-CoV
nspl to inhibit host protein synthesis.
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FIG 2 MERS-CoV nspl1 inhibits host protein synthesis and induces endonucleolytic cleavage and degradation of mRNAs. (A) 293 cells were transfected with
RNA transcripts encoding CAT, SARS-CoV nspl, MERS-CoV nspl, or MERS-CoV nsp1-CD proteins, carrying a C-terminal myc epitope tag, and incubated in
the absence or presence of ActD from 1 h posttransfection. Cells were radiolabeled with Tran?>S-label from 8.5 to 9.5 h posttransfection, and lysates were resolved
on SDS-12% PAGE, followed by autoradiography (top panels), colloidal Coomassie blue staining (middle panels), and Western blot analysis using anti-myc
antibody (bottom panels). Densitometric analysis of the autoradiographs was used to determine the levels of host protein synthesis, and the numbers below the
lanes in the top panels represent percentage band intensity relative to CAT RNA-transfected cells (% of CAT). The box represents the region of the gel used for
densitometric analysis. Representative data from three independent experiments are shown. (B) 293 cells were transfected with RNA transcripts encoding CAT,
SARS-CoV nspl, MERS-CoV nspl, or MERS-CoV nsp1-CD and incubated in the presence of ActD from 1 h posttransfection. At 1 and 9 h posttransfection,
intracellular RNAs were extracted and subjected to Northern blot analysis with a GAPDH mRNA-specific probe (top panels) and B-actin mRNA-specific probe
(middle panels). The bottom panel represents the amounts of 28S and 18S rRNAs in each sample. (C) 293 cells were cotransfected with a plasmid encoding
Ren-EMCV-FF and the plasmid expressing CAT, SARS-CoV nsp1, MERS-CoV nspl, or MERS-CoV nsp1-CD; the nspl-expression plasmids encoded proteins
carrying the C-terminal myc tag. At 24 h posttransfection, intracellular RNAs were extracted and subjected to Northern blot analysis using an RNA probe that
binds to the rLuc gene (top panel) and MERS-CoV nsp1 gene (second panel), respectively. The 28S and 18S rRNAs were detected by ethidium bromide staining
(third panel). Cell extracts, prepared at 24 h postelectroporation, were used for a reporter assay (fourth panel) and Western blot analysis, using an anti-myc
antibody (bottom panel). Arrowhead, full-length Ren-EMCV-FF; arrow, cleaved RNA fragment. A schematic diagram of Ren-EMCV-FF RNA is shown at the top
of the panel.

Taken together, these data suggest that MERS-CoV nspl pos-  tide antibody, showed a similar distribution pattern of MERS-
sesses two distinct properties that exert an inhibitory effect onhost  CoV nspl in both the cytoplasm and the nuclei of MERS-CoV-
gene expression: (i) the ability to promote the accelerated turn-  infected cells (Fig. 3C). The purity of the cytoplasmic and nuclear
over of host mRNAs, by inducing an endonucleolytic RNA cleav-  fractions was validated by Western blotting of the subcellular frac-
age in template mRNAs, and (ii) a translation inhibitory function,  tions using anti-GAPDH and anti-histone H3 antibodies, respec-
which is separable from its RNA cleavage activity. tively (Fig. 3B and C). The distribution of MERS-CoV nspl in

Subcellular localization of MERS-CoV nspl is different from  both the cytoplasm and the nucleus was in marked contrast to
SARS-CoV nspl. Since both SARS-CoV nspl and MERS-CoV  thelocalization of SARS-CoV nsp1 exclusively in the cytoplasm
nspl exhibited similar inhibitory activities on host gene expres- (11, 15).
sion, we sought to determine whether the two proteins share a MERS-CoV nspl and SARS-CoV nspl use different strate-
mode of action and identify any potential mechanistic differences  gies to target translationally competent mRNAs for degrada-
between SARS-CoV nspl and MERS-CoV nspl. To this end, we  tion. The subcellular distribution of MERS-CoV nsp1 in both the
first examined the subcellular localization of MERS-CoV nspl in  cytoplasm and nucleus prompted us to investigate whether
transfected cells, as well as in MERS-CoV-infected cells. Confocal MERS-CoV nspl1 also targets RNAs transcribed by nuclear RNA
microscopy (Fig. 3A) and subcellular fractionation analyses (Fig.  polymerase I (Pol I) and Pol III for degradation. Cells were trans-
3B) showed the distribution of MERS-CoV nspl and MERS-CoV  fected with the plasmid encoding MERS-CoV nsp1, together with
nsp1-CD in both the cytoplasm and the nuclei of transfected cells  either both Pol II-driven reporter plasmid expressing green fluo-
expressing nspl. Importantly, subcellular fractionation analysis of ~ rescent protein (GFP) mRNA and Pol III-driven GFP plasmid or a
MERS-CoV-infected cells, using an anti-MERS-CoV-nspl pep-  Pol I-driven GFP reporter plasmid; the Pol I- and Pol III-driven
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FIG 3 Subcellular distribution of MERS-CoV nspl in both the nucleus and the cytoplasm. (A) Vero E6 cells were mock transfected (a) or transfected with RNA
transcripts encoding C-terminal V5-tagged MERS-CoV nsp1 (b) or MERS-CoV nsp1-CD (c). At 16 h after transfection, the cells were fixed, permeabilized, and
subjected to immunofluorescence analysis with an anti-V5 antibody (Anti-V5). The nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI),
and the images were examined using a Zeiss LSM 510 UV META laser scanning confocal microscope. Merged images are shown in the rightmost panels. (B) 293
cells were mock transfected (Mock) or transfected with a plasmid encoding the C-terminal myc-tagged MERS-CoV nspl (MERS-CoV nsp1) or MERS-CoV
nsp1-CD (MERS-CoV nsp1-CD). At 18 h posttransfection, cell lysates were fractionated into cytoplasmic and nuclear fractions. Subsequently, the fractions were
subjected to Western blot analysis with anti-myc (top panels), anti-histone H3 (middle panels), and anti-GAPDH antibodies (bottom panels). The asterisks in
the top panels represent possible proteolytic cleavage products of MERS-CoV nspl and MERS-CoV nsp1-CD, probably generated during sample preparation.
(C) 293/DPP4 cells were mock infected (Mock) or infected with MERS-CoV at an MOI of 3 (MERS-CoV). At 18 h p.i., the cell suspension was irradiated with
Co to inactivate MERS-CoV, and cell extracts were separated into cytoplasmic and nuclear fractions. Each fraction was subjected to Western blot analysis with
anti-MERS-CoV-nsp1 peptide antibody (top panels), anti-histone H3 antibody (middle panels), or anti-GAPDH antibody (bottom panels). The asterisks
(mock-infected cell extracts, top panels) represent a host protein with a slower migration than nspl in the gel that is recognized nonspecifically by the
anti-MERS-CoV-nsp1 peptide antibody.

reporter plasmids encode a truncated GFP. As controls, plasmids  III-driven transcripts (Fig. 4A). Similarly, MERS-CoV nspl ex-
encoding CAT or SARS-CoV nspl were used in place of the pression also induced the degradation of only the Pol II-driven
MERS-CoV nspl expression plasmid. Consistent with a previous transcripts but did not affect the levels of the Pol I- or Pol III-
report (21), SARS-CoV nspl expression induced the degradation  driven transcripts (Fig. 4A). A minor band migrating below the
of only the Pol II-driven transcripts, but not the Pol I- or Pol  Pol III-driven transcript was also observed in a published study
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FIG 4 MERS-CoV nspl targets translationally competent Pol II-transcribed
mRNAs for degradation but does not cosediment with 40S ribosomal sub-
units. (A) 293 cells were transfected with a plasmid encoding CAT, SARS-CoV
nspl, or MERS-CoV nspl, together with Pol II- and Pol III-driven reporter
plasmids encoding GFP RNA or a Pol I-driven GFP reporter plasmid. At 24 h
posttransfection, the RNAs were extracted, treated with DNase I, and visual-
ized by Northern blotting with a GFP-specific probe. The 285 and 18S rRNAs
were detected by ethidium bromide staining (bottom panels). (B) 293 cells
were transfected with RNA transcripts encoding C-terminal myc-tagged CAT
(panelsaandb), SARS-CoV nspl (panels cand d), or MERS-CoV nsp1 (panels
e and f). Cell extracts, prepared at 8 h posttransfection, were subjected to
sucrose gradient centrifugation analysis. The gradient fractions were analyzed
by Western blotting with anti-myc antibody to detect the expressed proteins
(panels a, ¢, and e) and ethidium bromide staining to detect rRNAs (panels b,
d, and f).

using the same plasmid (21). The source of this band is unknown.
These data suggested that like SARS-CoV nsp1, MERS-CoV nspl
also targets RNAs that are translationally competent for degrada-
tion.

SARS-CoV nspl targets translating mRNAs for mRNA cleav-
age and translation inhibition by binding to the 40S ribosomal
subunit (14). To evaluate whether MERS-CoV nspl adopted a
similar strategy to gain access to translating cellular mRNAs, we
examined the association of MERS-CoV nspl with 40S subunits
by sucrose gradient sedimentation analysis of extracts from 293
cells expressing MERS-CoV nspl. Lysates from cells expressing
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CAT or SARS-CoV nspl served as negative and positive controls,
respectively. In agreement with our previous studies (14), SARS-
CoV nspl tightly associated with the 40S subunit as demonstrated
by the cosedimentation of SARS-CoV nspl with the 40S peak
(determined by detecting 18S rRNA, a component of the 40S ri-
bosomal subunit) (Fig. 4B). In marked contrast, the sedimenta-
tion profile of MERS-CoV nspl was very different from SARS-
CoV nspl and mirrored the profile observed for CAT. Most of the
MERS-CoV nsp1 was detected near the top of the gradient and did
not cosediment with the 40S subunit, suggesting that unlike
SARS-CoV nspl, MERS-CoV nspl does not associate tightly with
the 40S subunit and uses a different strategy to gain access to
translationally competent mRNAs (Fig. 4B).

The translation inhibitory activity of MERS-CoV nspl spe-
cifically targets nuclear-transcribed mRNAs but spares mRNAs
that enter across the cytoplasmic membrane. The lack of binding
of MERS-CoV nspl to the 40S subunit combined with its subcel-
lular distribution in both the nucleus and the cytoplasm led us to
examine whether the translation inhibitory activity of MERS-CoV
nspl selectively targets mRNAs of nuclear origin and spares
mRNAs that enter across the cytoplasmic membrane.

To test the effect of MERS-CoV nspl on the translation of
nuclear-transcribed mRNAs, 293 cells were transfected with the
plasmid encoding CAT, MERS-CoV nspl, MERS-CoV nspl1-CD,
or SARS-CoV nspl, together with a reporter plasmid encoding the
rLuc gene, and assayed for luciferase reporter activity at 24 h post-
transfection. Intracellular RNAs were also extracted at 24 h post-
transfection and subjected to Northern blot analysis. As expected,
SARS-CoV nspl strongly inhibited the reporter gene activity and
induced the degradation of rLuc mRNA (Fig. 5A). MERS-CoV
nsp1 also strongly inhibited the reporter gene activity and induced
the degradation of rLuc mRNA (Fig. 5A), which is consistent with
our data in Fig. 2 that showed the inhibition of host protein syn-
thesis and induction of reporter mRNA cleavage and degradation
by MERS-CoV nspl. MERS-CoV nsp1-CD did not promote the
degradation of rLuc mRNA but inhibited the reporter gene activ-
ity, albeit to a slightly lesser extent than MERS-CoV nspl, further
confirming that MERS-CoV nspl-CD can inhibit translation
without inducing mRNA cleavage (Fig. 5A). Collectively, these
data unambiguously demonstrated that MERS-CoV nsp1 inhib-
ited the translation and induced the degradation of reporter
mRNAs as well as cellular mRNAs that are transcribed in the nu-
cleus and transported to the cytoplasm (Fig. 2, 4A, and 5A).

To examine the effect of MERS-CoV nsp1 on the translation of
exogenous mRNAs introduced directly into the cytoplasm, 293
cells were electroporated with a reporter mRNA, GLA, carrying
the 5" UTR of rabbit B-globin mRNA and the rLuc gene (20),
together with RNA transcripts encoding CAT, SARS-CoV nspl,
MERS-CoV nspl, or MERS-CoV nsp1-CD; all of the transcripts
were capped and polyadenylated. Cell extracts, prepared at 24 h
postelectroporation, were subjected to luciferase reporter assays
and Western blot analysis. SARS-CoV nspl expression inhibited
the reporter gene activity (Fig. 5B), a result that is consistent with
the ability of SARS-CoV nspl to load onto translating mRNAs,
through its association with the 40S subunit, leading to translation
inhibition and degradation of the electroporated GLA RNA. Strik-
ingly, both MERS-CoV nspl and MERS-CoV nsp1-CD did not
inhibit the luciferase reporter activity (Fig. 5B). Instead, the re-
porter activity in cells expressing MERS-CoV nspl was higher
than in cells expressing CAT and MERS-CoV nsp1-CD (Fig. 5B).
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FIG 5 MERS-CoV nspl does not inhibit the translation of mRNAs intro-
duced directly into the cytoplasm. (A) 293 cells were transfected with the
reporter plasmid pRL-SV40 (15) encoding the rLuc gene, together with the
expression plasmids encoding CAT, SARS-CoV nspl, MERS-CoV nspl, or
MERS-CoV nsp1-CD; the nspl proteins had a C-terminal myc tag. Cell ex-
tracts, prepared at 24 h posttransfection, were used for a reporter assay (top
panel) and Western blot analysis, using anti-myc antibody (second panel).
Intracellular RNAs were also extracted at 24 h posttransfection and subjected
to Northern blot analysis using the RNA probe that binds to the rLuc gene
(third panel). The 28S and 18S rRNAs were detected by ethidium bromide
staining (bottom panel). Representative data from three independent experi-
ments are shown. (B) 293 cells were coelectroporated with GLA reporter
mRNA and RNA transcripts encoding C-terminal myc-tagged CAT, SARS-
CoV nspl, MERS-CoV nspl, or MERS-CoV nsp1-CD. Cell extracts, prepared
at 24 h postelectroporation, were used for the reporter assay (left top panel)
and Western blot analysis, using anti-myc antibody (left bottom panel). Rep-
resentative data from three independent experiments is shown. Asterisks indi-
cate statistically significant differences between samples (P < 0.01); ns, not
significant (P > 0.01). Cells that were electroporated with the RNA transcripts
were also radiolabeled with Tran’>S-label for 1 h at 24 h postelectroporation,
and lysates were resolved on SDS-PAGE, followed by autoradiography (right
top panel), colloidal Coomassie blue staining (right middle panel), and West-
ern blot analysis with anti-myc antibody (right bottom panel). Densitometric
analysis of the autoradiographs was used to determine the levels of host protein
synthesis, and the numbers below the lanes in the right top panel represent the
percent band intensity relative to CAT RNA-transfected cells (% of CAT). The
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Metabolic radiolabeling experiments and densitometric analysis
of the marked areas of the gel clearly showed that SARS-CoV nspl1,
MERS-CoV nspl, and MERS-CoV nsp1-CD inhibited host pro-
tein synthesis, validating the inhibitory activity of the expressed
nspl proteins toward the translation of nucleus-derived cellular
mRNAs (Fig. 5B). We observed slight differences in the levels of
accumulation of MERS-CoV nspl and MERS-CoV nspl-CD,
which could possibly be due to differences in the inherent stability
of the two proteins (Fig. 5B). We obtained similar results using a
different reporter mRNA, ALA, carrying the 5" UTR of B-actin
mRNA and the rLuc gene (20), wherein both MERS-CoV nspl
and MERS-CoV nsp1-CD did not inhibit the reporter gene activ-
ity and an increased reporter activity was observed in cells express-
ing MERS-CoV nsp1 (Fig. 5C).

Since MERS-CoV mRNAs are cytoplasmic in origin, we tested
the effect of MERS-CoV nspl on the translation of a MERS-CoV-
like mRNA that was introduced directly into the cytoplasm. 293
cells were electroporated with a MERS-CoV subgenomic mRNA
8-like RNA transcript, carrying the N gene open reading frame
(ORF) with a C-terminal V5 epitope tag flanked by the authentic
5" and 3" UTRs of mRNA 8 (Fig. 5D), together with RNA tran-
scripts encoding CAT, SARS-CoV nspl, MERS-CoV nspl, or
MERS-CoV nspl-CD. Cell extracts, prepared at 24 h postelectro-
poration, were subjected to Western blot analysis to examine the
expression level of N protein. SARS-CoV nsp1 strongly inhibited
the expression of N protein (Fig. 5D). In contrast, both MERS-
CoV nspl and MERS-CoV nsp1-CD did not inhibit the expres-
sion of N protein and the level of N protein was higher in cells
expressing MERS-CoV nspl than in cells expressing CAT and
MERS-CoV nsp1-CD.

Taken together, these data demonstrated that MERS-CoV
nsp1 did not inhibit the translation of exogenous reporter mRNAs
and MERS-CoV-like mRNA that were introduced directly into
the cytoplasm. Furthermore, MERS-CoV nspl, but not MERS-
CoV nspl-CD, had a positive effect on the translation of these
mRNAs, suggesting the indirect role of its RNA cleavage function
in this activity.

MERS-CoV nspl does not inhibit the translation of virus-
like mRNAs synthesized in the cytoplasm. We further extended
our findings to evaluate whether MERS-CoV nspl also spared
mRNAs that are cytoplasmic in origin from its translation inhib-
itory activity by examining the effect of MERS-CoV nspl on the
translation of virus-like mRNAs synthesized in the cytoplasm. We
used VLPs derived from RVFV (family Bunyaviridae, genus Phle-
bovirus), a cytoplasmic RNA virus, as the vehicle for the synthesis

box represents the region of the gel used for densitometric analysis. Represen-
tative data from three independent experiments is shown. (C) RNA coelectro-
poration and reporter assay were performed as described in panel B, except
that ALA reporter mRNA was used in place of the GLA mRNA. Representative
data from three independent experiments are shown. Asterisks indicate statis-
tically significant differences between samples (P < 0.01); ns, not signifi-
cant (P > 0.01). (D) RNA coelectroporation was performed as described in
panel B, except that a MERS-CoV subgenomic mRNA 8-like RNA transcript,
expressing a C-terminal V5-tagged MERS-CoV N protein, was used in place of
the GLA mRNA. Cell extracts, prepared at 24 h postelectroporation, were
subjected to Western blot analysis with anti-V5 antibody (top panel), anti-myc
antibody (middle), and anti-actin antibody (bottom). The asterisk in the top
panel represents a host protein that is recognized nonspecifically by the an-
ti-V5 antibody. A schematic diagram of the MERS-CoV subgenomic mRNA
8-like RNA transcript is shown on top.
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FIG 6 MERS-CoV nspl does not inhibit the translation of virus-like mRNAs synthesized in the cytoplasm (A) Schematic diagram of the experimental approach.
BSR-T7/5 cells, stably expressing T7 RNA polymerase, were cotransfected with a plasmid expressing T7 polymerase-driven RVFV antisense LNCR-rLuc RNA,
along with the plasmids expressing L protein, Gn/Gc envelope proteins and N protein. VLPs carrying LNCR-rLuc RNA, released into the supernatant, were
collected at 3 days posttransfection. 293 cells were electroporated with RNA transcripts encoding CAT, SARS-CoV nspl, MERS-CoV nspl, or MERS-CoV
nspl-CD proteins and, at 18 h postelectroporation, the cells were inoculated with RVFV VLPs. As a negative control, cells were inoculated with UV-irradiated
VLP. Cell extracts, prepared at 6 h post-VLP inoculation, were used for reporter assay, protein expression, and mRNA analyses. (B) The top panel shows the
luciferase reporter activities at 6 h post-VLP inoculation. The bottom panel represents the Western blot analysis with anti-myc antibody. (C) Intracellular RNAs
were extracted at 6 h post-VLP inoculation and subjected to qRT-PCR to determine the levels of LNCR-rLuc mRNA and 18S rRNA. The plot shows the relative
levels of LNCR-rLuc mRNA normalized to 18S rRNA levels. The bottom panel shows a Northern blot analysis of GAPDH mRNA. Error bars in the plot
represent standard deviations of three independent experiments. Asterisks indicate statistically significant differences between samples (P < 0.01); ns, not
significant (P > 0.01).

of virus-like mRNAs in the cytoplasm. RVFV carries a tripartite,
single-stranded, negative-sense RNA genome composed of L, M,
and S RNA segments (34). We generated RVFV VLPs, carrying a
single RNA segment, LNCR-rLuc RNA, encoding the rLuc re-
porter gene flanked by the 3" and 5" noncoding regions of RVFV L
RNA, from cells expressing LNCR-rLuc RNA, L protein, N pro-
tein and the envelope Gn/Gc proteins, as described previously
(Fig. 6A) (29, 35). Inoculation of the RVFV VLPs into susceptible
cells results in the synthesis of LNCR-rLuc mRNAs, carrying the
rLuc OREF, in the cytoplasm, due to primary transcription from
the incoming virion-associated LNCR-rLuc RNA mediated by the

10978 jvi.asm.org

Journal of Virology

virion-associated L and N proteins. However, subsequent RNA
replication and secondary transcription from LNCR-rLuc RNA
does not occur in VLP-inoculated cells in the absence of de novo
synthesis of Land N proteins (35). To examine the effect of MERS-
CoV nsp1 on the translation and stability of cytoplasmically syn-
thesized LNCR-rLuc mRNA, 293 cells were electroporated with
RNA transcripts encoding CAT, SARS-CoV nspl, MERS-CoV
nspl or MERS-CoV nsp1-CD. At 18 h postelectroporation, the
cells were inoculated with RVFV VLP, carrying LNCR-rLuc RNA.
As a negative control, cells were inoculated with UV-irradiated
VLPs. Cell extracts, prepared at 6 h post-VLP inoculation, were
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used for luciferase reporter assay, Western blot analysis, to con-
firm the expression of proteins from the electroporated mRNAs,
and the quantification of LNCR-rLuc mRNA levels by qRT-PCR.
As expected, very low background levels of luciferase reporter ac-
tivity and LNCR-rLuc mRNA were detected in cells inoculated
with the UV-irradiated VLP (Fig. 6B and C). The luciferase re-
porter activity (Fig. 6B) and LNCR-rLuc mRNA levels (Fig. 6C)
were substantially lower in cells expressing SARS-CoV nsp1 than
in cells expressing CAT, demonstrating that SARS-CoV nsp1 was
able to target the cytoplasmically synthesized LNCR-rLuc mRNA
for translation inhibition and RNA degradation. In contrast, there
was no statistically significant difference in the reporter activity
and LNCR-rLuc mRNA levels between cells expressing CAT,
MERS-CoV nspl and MERS-CoV nsp1-CD, demonstrating that
MERS-CoV nspl did not affect the translation and stability of
cytoplasmically synthesized LNCR-rLuc mRNA (Fig. 6B and C).
Both SARS-CoV nspl and MERS-CoV nspl induced the degrada-
tion of endogenous nucleus-derived GAPDH mRNA, confirming
their biologically activity (Fig. 6C). These observations further
bolster the idea that MERS-CoV nsp1 specifically targets the nu-
clear-transcribed host mRNAs for inhibition, and mRNAs, in-
cluding MERS-CoV mRNAs, which are cytoplasmic in origin, are
spared from its inhibitory effects.

DISCUSSION

In the present study, we first examined the effect of MERS-CoV
infection on host gene expression that showed similarities be-
tween MERS-CoV and another highly pathogenic human CoV,
SARS-CoV, in exerting an inhibitory effect on host gene expres-
sion at the level of translation (15) (Fig. 1). This observation and
our prior knowledge of the properties of SARS-CoV nsp1 led us to
investigate whether MERS-CoV nsp1 shared a common function
to inhibit host gene expression by targeting mRNA translation and
stability (32). A functional comparison between MERS-CoV nspl
and SARS-CoV nspl showed some common features but also re-
vealed intriguing differences in their mechanism of action. Like
SARS-CoV nspl, MERS-CoV nspl also exhibited two distinct
properties that leads to the inhibition of host gene expression: (i)
the ability to promote the degradation of host mRNAs, by induc-
ing an endonucleolytic RNA cleavage in template mRNAs, and (ii)
inhibition of host mRNA translation, a function that is separable
from its RNA cleavage activity (Fig. 2 and 5A). Also, both MERS-
CoV nspl and SARS-CoV nspl only targeted RNAs that are trans-
lationally competent for degradation (Fig. 4A).

However, unlike SARS-CoV nspl, which is localized exclu-
sively in the cytoplasm (11, 15), MERS-CoV nsp1 was distributed
in both the nucleus and cytoplasm (Fig. 3). Nspl (~9 kDa) of
transmissible gastroenteritis virus (TGEV), an alpha CoV, is also
distributed in both the nucleus and cytoplasm of transfected cells
expressing nspl (36). Although TGEV nspl shares a common
biological function with SARS-CoV nspl and MERS-CoV nsp1 to
inhibit host gene expression, it lacks the activity to induce host
mRNA degradation (16). Analysis of the primary amino acid se-
quence of MERS-CoV nsp1 did not reveal any nuclear localization
signal. Although, MERS-CoV nsp1 could diffuse into the nucleus
because of its low molecular mass (~20 kDa), which is below the
size exclusion limit of the nuclear pore complex, it is also possible
that its nuclear accumulation could also be attributed to binding
to a component of the nucleus after entry by diffusion. There are
examples of small viral proteins that localize to the nucleus despite
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lacking any defined nuclear localization signal (37, 38). Impor-
tantly, the different subcellular distribution profiles of MERS-
CoV nspl and SARS-CoV nsp1 hinted at a possible fundamental
difference between their mechanisms of action. Indeed, while
SARS-CoV nspl associates tightly with the 40S ribosomal subunit,
MERS-CoV nspl did not cosediment with the 40S subunit, indi-
cating the lack of stable binding to the 40S subunit (Fig. 4A). These
data suggested that unlike SARS-CoV nsp1, which gains access to
translating mRNAs by binding to the 40S subunit (14), MERS-
CoV nspl uses a different strategy to target translationally com-
petent mRNAs.

Further evidence in support of the idea that MERS-CoV nspl
employs a different strategy to gain access to translationally com-
petent mRNAs was provided by the striking observation that
MERS-CoV nspl selectively inhibited the translation of nuclear-
transcribed mRNAs but did not inhibit the translation of mRNAs
that enter across the cytoplasmic membrane or are synthesized in
the cytoplasm (Fig. 5 and 6). In contrast, SARS-CoV nsp1 inhib-
ited the translation of both nucleus-derived mRNAs and mRNAs
of cytoplasmic origin (Fig. 5 and 6). These data are consistent with
the observations that SARS-CoV nspl targets translating mRNAs
through its association with the 40S subunit, a core component of
the cellular translation apparatus (14), and MERS-CoV nsp1 does
not bind to the 40S subunit (Fig. 4A). The inability of MERS-CoV
nspl to inhibit the translation of mRNAs of cytoplasmic origin
suggests that MERS-CoV nsp1 does not utilize the components of
the core translational machinery to gain access to translating
mRNAs. In addition, it also indicates that MERS-CoV nsp1 does
not affect the functions of these components involved in the trans-
lation of such mRNAs.

MERS-CoV nspl displayed an intriguing property to selec-
tively target mRNAs, which are transcribed in the nucleus and
transported to the cytoplasm, for translation inhibition and
mRNA degradation (Fig. 2, 4A, and 5). Interestingly, MERS-CoV
nspl inhibited host protein synthesis and induced the degradation
of endogenous host mRNAs even in the presence of ActD, which
prevents the synthesis of new mRNAs (Fig. 2A and B). These data
suggested that the inhibitory activity of MERS-CoV nspl on nu-
cleus-derived mRNAs is not exclusively restricted to newly syn-
thesized mRNAs and can also target preexisting nuclear-tran-
scribed mRNAs in the cytoplasm. The activity of MERS-CoV nspl
was directed toward different nuclear-transcribed mRNAs, in-
cluding endogenous host mRNAs and plasmid-driven reporter
mRNAs. Eukaryotic mRNAs that are transcribed in the nucleus
are transported to the cytoplasm in the form of an mRNP complex
carrying RNA-binding proteins that regulate mRNA translation
in response to developmental, physiological and environmental
signals (39). We speculate that MERS-CoV nsp1 selectively targets
nucleus-derived mRNAs, by binding to one of the mRNA-binding
proteins that form the host mRNP complex, and inhibits the ex-
pression of host genes.

MERS-CoV nspl did not inhibit the translation of exogenous
mRNAs, including MERS-CoV-like mRNA, that were introduced
directly into the cytoplasm (Fig. 5). Furthermore, MERS-CoV
nspl did not affect the translation and stability of a virus-like
mRNA synthesized in the cytoplasm (Fig. 6). These data have
important implications for the regulation of viral gene expression
in MERS-CoV-infected cells and point toward a viral escape
mechanism wherein MERS-CoV mRNAs, which are synthesized
in the cytoplasm, are spared from the inhibitory effects of MERS-
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CoV nspl on mRNA translation. We hypothesize that the cyto-
plasmic origin of viral mRNAs facilitates their escape from MERS-
CoV nspl-induced translation inhibition allowing the efficient
production of viral proteins. The reporter activity and the accu-
mulation of N protein, from exogenous reporter mRNAs and
MERS-CoV-like mRNA, respectively, that were introduced di-
rectly into the cytoplasm, was higher in cells expressing MERS-
CoV nspl but not in cells expressing MERS-CoV nsp1-CD, which
lacked the RNA cleavage function (Fig. 5). We speculate that the
degradation of endogenous host mRNAs by MERS-CoV nspl1 in-
directly facilitates the translation of exogenously delivered
mRNAs in the cytoplasm by eliminating the translationally com-
petent host mRNAs that compete for the cellular translation ma-
chinery. However, it must be noted that this positive effect on the
translation of exogenously introduced mRNAs by MERS-CoV
nspl was not observed in the case of virus-like mRNAs that were
synthesized in the cytoplasm (Fig. 6). This discrepancy could be
due to differences in the experimental system and template
mRNAs used to evaluate the effect of MERS-CoV nspl on the
translation of mRNAs that originate in the cytoplasm. Neverthe-
less, this does not detract from our finding that cytoplasmically
synthesized virus-like mRNAs are spared from the inhibitory ef-
fects of MERS-CoV nspl. Future studies to examine the contribu-
tion of the host mRNA degradation activity of MERS-CoV nspl
on viral mRNA translation in MERS-CoV-infected cells are war-
ranted.
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